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ABSTRACT 

Wc have carried out an intensive survey of the northern region of the Fornax dwarf spheroidal galaxy 
with the aim of detecting the galaxy's short-period pulsating stars (P < 0.25 days). Observations 
collected over three consecutive nights with the Wide Field Imager of the 2.2m MPI telescope at 
ESO allowed us to detect 85 high-amplitude (0.20-1.00 mag in B-light) variable stars with periods 
in the range from 0.046 to 0.126 days, similar to SX Phoenicis stars in Galactic metal-poor stellar 
populations. The plots of the observed periods vs. the B and V magnitudes show a dispersion 
largely exceeding the observational errors. To disentangle the matter, we separated the first-overtone 
from the fundamental-mode pulsators and tentatively identified a group of subluminous variables, 
about 0.35 mag fainter than the others. Their nature as either metal-poor intermediate-age stars 
or stars formed by the merging of close binary systems is discussed. The rich sample of the Fornax 
variables also led us to reconstruct the Period-Luminosity relation for short-period pulsating stars. 
An excellent linear fit, My = — 1.83(±0.08) — 3.65(±0.07) x logPp, was obtained using 153 6 Scuti 
and SX Phoenicis stars in a number of different stellar systems. 

Subject headings: galaxies: distance and redshifts - galaxies: individual (Fornax) - £ Scuti - stars: 
variables: others - blue stragglers - techniques: photometric 



1. INTRODUCTION 

In globular clusters, the systematic detection of the 
short-period (P < 0.25 days) pulsating stars located be- 
low the horizontal branch (namely, SX P he and 5 Set 
stars ) started about twe nty years ago fe.g.. lMateo et al.1 
Il988t iNemec et al.lll995l ). At that time, Nemec, Nemec 
& Lutz (1994) listed 14 SX Phe stars in NGC 5053, uj Cen 
and NGC 5466. The use of these variable stars as dis- 
tance indicators has made some progress in t he last years 
(e^. iPych et all 120011 : iMazur et all l2003t lOlech et all 
120051 ). However, due to their intrinsic faintness, not 
many of these pulsating stars have been disc overed so far 
in ste llar s ystems outside the Milky Way: iMateo et alJ 
(11998ft and iPorettil (|1999af ) describe the first results ob- 
tained for SX Phe stars in the Carina dwarf spheroidal 
(dSph) galaxy; McNamara, Clementini & Marconi (2007) 
have used a sample of 5 Set stars to estimate the distance 
to the Large Magellanic Cloud. To exploit in a more 
complete way the potential of these variable stars as dis- 
tance indicators and stellar population tracers we have 
carried out a search for pulsating stars below the hori- 
zontal branch as starting point for an extensive project 
on the Fornax dSph. This galaxy is an ideal target since: 
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(i) it is known to host a mix of old and intermediate- 
age stars with different metal abundances ( see, e.g., 
iBattaglia et al.ll2006HCole man fc de Jondl2008l . and refs. 
therein); (ii) its size and distance make the observation 
of large fractions of the galaxy, down to a limiting mag- 
nitude of about 3.0 mag below the horizontal branch, 
practical using a medium-class telescope equipped with 
a wide-field imager, using exposure times fully ade- 
quate to reveal the galaxy's short-period pulsators. Our 
project also allowed a more comprehensive study of sev- 
eral classes of variable stars in the Fornax dSph galaxy, 
and it was extended over the course of the years to cover 
the galaxy's field and its system of five globular clusters, 
through th e acquisitions of new observations with ot her 
telescopes (jClementini et al1l2006t iGreco et al.ll2007| ). 

The nomenclature of the short-period pulsating stars 
below the horizontal branch is confusing. In the Milky 
Way there is a physical distinction between S Set and 
SX Phe stars: the former are Population I stars (Pop. I), 
the latter are Population II (Pop. II) objects. Low- 
amplitude, nonradial modes are typical of the 5 Set 
stars, but intensive and accurate surveys in globular 
clusters have provided observational e vidences that they 
are excited also in the SX Phe sta rs (|Pvch et al.ll200l1 : 
IMazur et alJl2003tlOlech et al.ll2005h . Therefore, the am- 
plitude can vary from a few 0.001 mag to several 0.1 mag 
both in the 5 Set and in the SX Phe variables. The S 
Set stars showing amplitude larger than 0.20 mag are 
generally referred to as High-Amplitude S Set (HADS) 
stars. As in the case of high-amplitude SX Phe stars, 
the main pulsation period is a radial mode. The pul- 
sation period can provide a rough separation between 
HADS and SX Phe st ars, since per iods of HADS vary 
from 0.07 to 0.25 days (|Porettill200l"l) . while most of the 
SX Phe stars in globular clusters have P < 0.10 days. 
However, since there is some overlap in the period range 
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spanned by the two types of variables, disentangling 
HADS from SX Phe stars may not be an easy task if 
no details about the metallicity are known 8 . In this re- 
spect, it is appropriate to use the SX Phe term to iden- 
tify the short-period Pop. II variables found in globu- 
lar clusters. We will adopt this name also in the case 
of Fornax, since the range of metal abundance observed 
in Fornax is -2 2 <[Fe/Hl< -0.7 (fSayiane et all 120001: 
Pont et al.ll2004HBattaglia et alj|20 06t iGullieu szik et all 
2007 1 iColeman fc de JoneflSooa . so that all the short 
period pulsating stars in this galaxy are more similar to 
the SX Phe stars according to the nomenclature scheme 
described above. However, we note that in a different 
environment such as the Fornax dSph galaxy the criteria 
used in the Milky Way may not be adequate to describe 
the mixture of stars having such different ages and mctal- 
licities. 

2. OBSERVATIONS AND DATA REDUCTIONS 
2.1. Observations 

Observations of one field north of the center of For- 
nax dSph, centered at a = 2' l 39 m 59 s , 6 = -34°10'00" 
(J2000.0), were obtained using the Wide-Field Imager 
(WFI) at the 2.2 m ESO/MPI telescope. The mosaic 
is composed of 8 EEV "CCD 44" type CCDs, each hav- 
ing 2048 x 4096 pixels. The pixel scale is 0.238" pixel -1 
yielding a field-of-view of 34 x 33 arcmin 2 . 

The Fornax field was observed on three consecutive 
nights (Nov. 8-11, 2001) for 6.2, 7.5, and 7.7 hours, 
respectively. To maximize the stability of differential 
photometry of variable stars, no dithering was applied. 
Our goals were to obtain data in a two-color system and 
at least one very dense time series. We noted that the 
passband of the ES0842 i?-filtcr is larger than that of 
the ESO 843 ^-filter; hence, the former filter was more 
suitable to reach the desired signal-to-noise ratio in a 
short time, an observational constraint posed by the ex- 
pected very short periods. Moreover, the amplitudes of 
the SX Phe stars are expected to be slightly larger in 
-B-light than in 1^— light . Hence, 3-4 consecutive images 
were taken in B- light (700 s each), followed by a single 
exposure in V (1000 s). We collected 61 images in B 
and 16 in V across the 3 nights. This strategy ensured 
the dense B time series necessary to perform a reliable 
frequency analysis, and allowed us to obtain the mean 
brightness and amplitude values in a two-color system 
and reliably place the variable stars on the Fornax dSph 
color-magnitude diagram (CMD). 

The sky conditions were generally stable and photo- 
metric, especially on the third night used as our refer- 
ence for absolute photometric calibr ation. The sta ndard 
fields Ru 149, Ru 152, and T Phe fsee lLandolt]|1992D were 
observed to this purpose in all CCDs, with typical expo- 
sure times 300-350 s in B and 450-500 s in V . The seeing 
conditions varied from 1.0" to 1.8". 

2.2. Data Reduction 

8 In the past, it was quite common to use the term "Dwarf 
Cepheids" to identify both HADS and SX Phe stars, since their 
light curves are reminding those of the Classical Cepheids. This 
term has an unclear meaning in an astrophysical context, since it 
groups stars belonging to different populations, and has not been 
used here. 



TABLE 1 

Calibration coefficients for the WFI 



CCD 


ZPB 


CD 


zp v 


c v 


1 


24.755 


0.263 


24.292 


-0.086 


2 


24.694 


0.281 


24.238 


-0.074 


3 


24.692 


0.254 


24.227 


-0.082 


1 


24.729 


0.264 


24.280 


-0.073 


5 


24.734 


0.256 


24.282 


-0.075 


6 


24.659 


0.289 


24.222 


-0.090 


7 


24.674 


0.257 


24.223 


-0.088 


8 


24.722 


0.266 


24.284 


-0.090 



Image reduction of the CCD mosaic data was accom- 
plished in IRAF 9 using standard procedures. All multi- 
extension images were bias-subtracted and divided by 
twilight f lat-fields usin g the mosaic reduction package 
mscred (|Valdes Ill998t ). A bad-pixel mask was created, 
and CCD blemishes and bad columns interpolated over. 
This step was necessary since CCD defects significantly 
increase the number of false detections by the image sub- 
traction software we used to identify variable sources 
(ISIS 2.1,|Aiar3[2003). 

The images were astrometrically calibrated using a 
polynomial s olutio n computed on astrometric fields from 
iStone et"aT1 (|1999f ) to remove distortion and the pho- 
tometric effects of the variable pixel area. The images 
were then registered onto a common distortion-free co- 
ordinate grid using stars in the USNO-A2.0 Catalogue 
(jMonet et al.l fl998). The package MSCRED was used to 
this purpose, along with the pipeline script package WF- 
PRED developed by two of us (LR and EVH) at the Padua 
Astronomical Observatory. The multi-extension images 
were then split and the individual CCD images analyzed 
separately. 

Crowded field stellar p hotometry was performed with 
the ALLFRAME package ([Stetson! Il994l ). with spatially 
varying point-spread functions (PSFs) independently 
computed for each CCD and each filter. Aperture correc- 
tions were used to match the PSF photometry to large- 
aperture photometry on selected reference images taken 
on the best photometric night, using growth-curve anal- 
ysis of bright isolated stars. 

The absolute calibration was derived from standard 
star observations on the best night. A set of linear cali- 
bration relations was computed for every CCD: 

B = b + c B (B-V) + z PB (1) 
V = v + c v (B-V)+zp v (2) 

where b and v are the instrumental magnitudes normal- 
ized to 1 s exposure and corrected for atmospheric ex- 
tinction. The color terms and zero-points of the calibra- 
tion are given in Table [T] These relations were used to 
calibrate, independently for each CCD, the mean instru- 
mental PSF-fitting magnitudes, after appropriate aper- 
ture correction, and the individual data points in the 
light curves. The zero-point uncertainty on the cali- 
brated magnitudes is of the order 0.04 mag in B and V, 

9 The Image Reduction and Analysis Facility (IRAF) soft- 
ware is provided by the National Optical Astronomy Observato- 
ries (NOAO), which is operated by the Association of Universities 
for Research in Astronomy (AURA), Inc., under contract to the 
National Science Foundation. 
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including the uncertainties on the calibration, the aper- 
ture corrections, and the residual zero-point variations 
within each CCD. 

2.3. Variable star search 

Variable stars were identified by applying the Image 
Subtraction Technique. We used the package ISIS 2.1 
(|Alardl 12000ft which was run on the B and V image se- 
quences independently. This package identifies variable 
sources by direct comparison of the time-sequence of im- 
ages, and is specifically designed to allow the detection of 
faint, small amplitude variables in crowded fields. Each 
CCD of the WFI mosaic was analyzed individually. The 
B and V catalogs of the candidate variables were cross- 
identified and conservative selection criteria were applied 
to the objects displaying variability flags. On average we 
detected about 300-400 candidate variables in each of 
the 8 CCDs of the WFI mosaic. The reference frames 
produced by the Image Subtraction were matched to the 
astrometric reference frames during the photometric re- 
duction process. Instrumental b and v time series of 
the candidate variables were obtained by matching the 
ISIS catalogs and the ALLFRAME photometric catalogs. 
In each chip we then selected a number of comparison 
stars (up to 12), chosen amongst the most stable objects, 
and built differential light curves that were subsequently 
examined using p eriod-search user-interactive tools (see 
ICreco et al.ll2007l and Clementini et al. 2008, m prepara- 
tion, for details) in order to confirm the variability, and 
derive periods and type of variability of the confirmed 
variables. Finally, the instrumental ALLFRAME photom- 
etry of the confirmed variables was transformed to the 
standard Johnson-Cousins photometric system using the 
equations derived in the calibration process. 

We have identified an extraordinary large number of 
bona fide variable stars of different types in our collec- 
tion of time series of candidate variables (about 2500 in 
total). They include: several hundreds RR Lyr stars, 
85 SX Phe stars, many eclipsing binaries, and a num- 
ber of variables with periods longer than about 1.0 days 
(likely anomalous and Population II Cepheids). Figure Q] 
shows the CMD of the Fornax dSph obtained from the 
present data, with the SX Phe stars and a sub-sample 
of the RR Lyr variables shown as circles and s q uares , 
respectively. The isochrones from iGirardi et alJ (|2000l . 
solid lines) bracket the bulk of the Fornax SX Phe stars. 
The mean ridge line of the Galactic globular cluster M3 
(jFerraro et al.lll997l dashed line) provides a good fit of 
the old {t > 10 Gyr) stellar component producing the 
Fornax RR Lyrae stars. We have adopted the following 
param eters for M3: [Fe/ H]=-1 66 ± 0.06 (jZinn fc West) 
fl98l . E(B-V) = 0.01 (|Harrisll2003D . and a dereddened 
distance modulus of (m — M) o =15.04 mag, as inferred 
from the average magnitu de of the cluster RR Lyrae stars 
(jCorwin fc Carnevll2001l ) . P reliminary re s ults o n the RR 
Lyr stars were presented in iGreco et al.1 (|2005f ) . In the 
present paper we will focus on the SX Phe stars. A more 
detailed analysis of the Fornax RR Lyr stars and of the 
other types of variables will be presented in the following 
papers of this series. 

3. THE FORNAX SX PHOENICIS STAR SAMPLE 

The analysis of the time series described in the previ- 
ous section allowed us to identify 85 SX Phe variables 
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Fig. 1. — Color-magnitude diagram of the Fornax field (only data 
in one of the CCDs of the WFI mosaic, CCD#6, with ALLFRAME 
errors less than 0.06 mag have been plotted for clarity), with su- 
perimposed our total sample of SX Phe stars (85 objects, black 
dots) together with a sub-sample of 80 RR Lyr stars (marked by 
blue squares). The error bars represent ±3cr typical uncertainties 
of the mean magnitudes and colors at different magnitude levels. 
The solid lines are the isochrones from Girardi et al. (2000J), with 
Z = 0.001 and ages 2.2 and 7.1 Gyr, plotted to show the positions 
of the turnoff points at different ages. The dashed bl ack line is the 
mean ridge line of the Galactic globular cluster M3 JFerraro et al.l 
119971) . See the electronic edition of the journal for a color version 
of this figure. 
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Fig. 2. — Precision and depth of our survey at the SX Phe stars 
magnitude level. Upper panel: B magnitudes of the detected SX 
Phe stars vs. the amplitude of their light variation. Lower panel: 
Distribution of the standard deviation showing the measurement 
precision for variable stars in the 22.5-24.0 mag range. 

according to the criteria we describe in this section. It 
should be pointed out that the identification of short- 
period variables is, in general, more difficult than, for 
instance, the detection of RR Lyr stars. Firstly, they are 
intrinsically much fainter than the RR Lyr stars (indeed, 
only the use of the image subtraction permitted us to 
be successful in Fornax), and secondly, while the about 
half-a-day periodicity makes the RR Lyr variables clearly 
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TABLE 2 

Identification and properties of the Fornax dSph SX Phe stars 



Name 1 


a (2000.0) 


<5 (2000.0) 


Period 
(days) 


Epoch (T max ) 
(HJD-2452222) 


{B) 


A s 


(B) - (V) 


Type b 


8.V9899 


2 41 14.2 


-34 23 02.7 


0.04619 


0.266 


23.98 


0.53 




F 


7.V8618 


2 40 20.2 


-34 23 58.6 


0.04917 


0.170 


24.14 


0.99 


0.34 


SL 


2.V3796 


2 40 12.1 


-34 09 07.3 


0.05137 


0.253 


23.96 


0.77 


0.23 


F 


5.V6170 


2 38 51.9 


-34 24 46.7 


0.05326 


0.289 


23.27 


0.23 


0.32 


FO 


5.V15474 


2 39 02.6 


-34 20 26.4 


0.05338 


0.238 


23.66 


0.51 


0.36 


F 


5.V16343 


2 38 42.1 


-34 20 00.3 


0.05339 


0.256 


23.92 


0.88 


0.41 


F 


7.V5215 


2 40 12.2 


-34 25 23.7 


0.05413 


0.262 


23.43 


0.49 


0.27 


FO 


2.V16907 


2 40 18.5 


-34 01 19.6 


0.05490 


0.309 


23.88 


0.44 


0.34 


F 



Note. — Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, 
arcminutes, and arcseconds. Tablc[2]is published in its entirety in the electronic edition of the Astrophysical 
Journal. A portion is shown here for guidance regarding its form and content. 

a Variable stars are ordered by increasing period, the first digit of the ID gives the number of the CCD in 
the WFI mosaic, the second part is the DAOPHOT identifier. ^ F: fundamental radial-mode pulsator; FO: 
first overtone radial-mode pulsator; SL: subluminous variable. 



TABLE 3 

B, V PHOTOMETRY OF THE FORNAX DSPH 

SX Phe stars 



Star 


8.V9899 - 


P=0.04619 




HJD 


V 


HJD 


B 


(-2452222) 


( 


-2452222) 




0.578 


23.89 


0.704 


23.76 


0.591 


23.97 


0.795 


23.79 


0.634 


23.52 


1.629 


23.75 


0.644 


23.77 


1.714 


23.70 


0.669 


24.07 


1.800 


23.38 


0.678 


23.93 


2.556 


23.91 


0.689 


23.82 


2.643 


23.76 



Note. — Table [3] is published in its entirety 
in the electronic edition of the Astrophysical 
Journal. A portion is shown here for guidance 
regarding its form and content. 



22.00 


1 1 

8_V9899 


1 

6_V8812 




0.046 d 


0.056 d 


23 00 

24 00 


*• .•„> 


»** ""-f •.. ,** "V- 


22.00 


6_V37637 
0.065 d 




23.00 


" 




24.00 




B_V1BB53 
0.075 d 


22.00 
23.00 


1 ' 1 




24.00 


6_V10166 


6_V33331 




0.086 d 

1 


0.125 d 



0.00 1.00 0.00 1.00 

Phase 



Fig. 3. — Examples of B light-curves of SX Phe stars in Fornax. 
Note how the mean brightness increases with increasing pulsation 
period. Light curves of all variable stars are available in the elec- 
tronic edition of the journal. 



stand out just looking at the intranight light curves, this 
is not the case for the SX Phe stars, whose shorter peri- 
ods, smaller amplitudes and the fewer number of points 
per cycle make the regular variability hardly discernible 
by simply plotting the points sequence. Therefore, we 
performed the frequency analysis of the data b y apply- 
ing a least-squares iterative sine-wave method (|Vanicekl 
119711) both to the whole 3-nights time series and to the 
measurements of each individual night separately. The 
comparison of the power spectra obtained in the two dif- 
ferent ways allowed us to reject a number of spurious 
candidates, i.e., stars for which the scatter in just one 
night (or in a part of it) mimicked an apparent variabil- 
ity. The fit of such an apparent variability can produce 
a false peak in the power spectrum owing to the limited 
time coverage of our data. To ensure the best quality 
of our sample, we thus accepted as bona-fide SX Phe 
stars only candidates whose power spectra showed the 
presence of a peak a t the same frequenc y value in all 
the three nig hts (see iDeirArcipretel 120061 for a detailed 
description of the full procedure). 

Figure [5] shows the depth of our survey of the Fornax 
field at the magnitude level of the SX Phe stars. The 
faintest SX Phe stars in our sample have (£?)=24.0 mag. 
At this brigthness level the smallest detectable ampli- 
tudes are of about 0.5 mag, but they become smaller with 
increasing the star's brightness and a 0.25 mag variability 
could be detected in stars with (B) >23.5 mag. In par- 
ticular, small amplitude (< 0.10 mag) pulsators would be 
detectable only if they have B <23.0, whilst almost all 
the SX Phe variables in Fornax are fainter than J5=23.0. 
The 700 s exposure time also makes very difficult the de- 
tection of small amplitude, very-short period pulsators. 

Figure [3] shows examples of the B, V light curves of the 
Fornax SX Phe stars we obtained at the end of the whole 
procedure. The full atlas of light curves is published in 
the electronic edition of the journal. Identification (IDs 
and coordinates) and parameters of the light curves (pe- 
riod, time of maximum light, mean (B) magnitude and 
(B) — (V) color, and B-amplitude —Ab~) are provided 
in Table [21 which is published in its entirety in the elec- 
tronic edition of the journal. They were calculated using 
cosine-series truncated at the last significant term (usu- 
ally the first harmonic, in exceptional cases the second 
or the third) and a least-squares fit. Error bars on the 
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(B) and (V) magnitudes are of 0.01 and 0.04 mag, re- 
spectively. Errors in the periods range from 2xl0 -5 to 
7xl0 -5 days. The last column of Tabled] gives the pul- 
sation characteristics. They were identified following the 
procedures described in Section 4. The B and V pho- 
tometry of all the SX Phe stars we identified in Fornax 
is provided in Table [3] available in electronic form in the 
electronic edition of the journal. 

The lower panel of Fig. [2] shows the distribution of the 
standard deviations of the B light curve best fit models, 
indicating a median precision of 0.10 mag. We also note 
that in seven cases only (8.V28121, 3.V6718, 6.V39151, 
8_V1625, 8.V9899, 6.V14592, and 8.V20859) the fit of 
the y-data was unsuccessful due to the incomplete phase 
coverage. As usual for single-site observations, the fre- 
quency detections can be affected by the ±1 days -1 alias 
ambiguity. However, this has negligible effects on the 
logP values for P < 0.10 days; for P > 0.11 days the 
alias ambiguity can shift the logP values by -0.05 or 
+0.05 only. 

The high amplitudes (>0.20 mag) and the short pe- 
riods (P <0.08 days in 83% of the cases) of the stars 
in the Fornax sample rule out a significant contamina- 
tion from rotational variables and binaries, which are 
expected to show smaller amplitudes and longer periods. 
We stress that the 85 SX Phe variables make the Fornax 
dSph galaxy unique in richness of such high-amplitude, 
short-period puls ators. The globular cluster s ui Cen 
(jOlech et all 120051 ) and M55 dPvch et alJl200H ) are also 
rich in SX Phe stars, but most of them have amplitudes 
smaller than 0.10 mag and seem to pulsate in nonradial 
modes. 

In CCD 6 the globular cluster Fornax 3 (For 3) is re- 
solved into stars, at least in its outer regions, where sev- 
eral RR Lyr stars were identified. Two SX Phe stars 
were found in the outskirts of For 3, namely 6_V40765 
and 6_V38403. Their vicinity to For 3 suggests that 
they could be cluster members. On the other hand, star 
7_V22094 is at least 1.0 mag brighter than other SX Phe 
stars of similar period. Assuming they also have same 
absolute magnitude, the 1.0 mag difference implies a ra- 
tio of 0.6 between the distances. Therefore, 7_V22094 
possibly does not belong to the Fornax galaxy and it 
could be a star in the halo of the Milky Way. 

4. CHARACTERISTICS OF THE FORNAX SX PHE STARS 

As shown in Fig. [TJ most of the SX Phe stars lie at 
22.4 < V < 23.6 mag, hence from 1.0 to 2.2 mag fainter 
than the well-defined central part of the galaxy horizon- 
tal branch, which is filled by the RR Lyr stars. Their 
B — V indices span about 0.40 mag, but 84% of the SX 
Phe stars have B — V colors in the range from 0.10 to 
0.35 mag. Taking into account the uncertainties in the 
B— V values from the least-squares fit (±0.04 mag) and 
from the calibration procedures (±0.04 mag), the Fornax 
instability strip appears to be slightly larger than that 
of the Milky Way. We note that the Galactic HADS and 
SX Phe stars are located i n the (b — y)o = 0.13-0.25 mag 
interval (|McN amarall2000l ) . which translates into a B — V 
range narrower than 0.20 mag. 

Due to the larger number of datapoints, our (B) magni- 
tudes are more accurate than the (V) ones and therefore 
more suitable to study the characteristics of the Fornax 
SX Phe stars. The properties of SX Phe stars in Fornax 



are summarized in Fig. [4j Panel a shows the mean (B) 
apparent magnitudes of the Fornax SX Phe stars plotted 
versus observed periods. The least-squares linear fit over 
84 stars (excluding star 7_V22094) is shown by the solid 
line; its standard deviation is 0.29 mag. This dispersion 
is too large to be accounted for by geometrical effect. If 
we consider the tidal radius of Fornax, the difference in 
apparent magnitude between stars with same absolute 
magnitude located at opposite sides of the galaxy does 
not exceed 0.10 mag. On the other hand, since the RR 
Lyr stars are all grouped in the expected narrow range of 
the horizontal branch, we can also exclude the existence 
of regions with different absorption in Fornax. Regarding 
possible observational errors or variability misidentifica- 
tion, the SX Phe stars define very clearly the instability 
strip below the horizontal branch. 

The spread of the B magnitudes is 1.4 mag in the nar- 
row logP interval from -1.15 to -1.05 (Fig. [U panel a). 
Such spread is as large as the total range spanned by 
B magnitudes all along the observed periods. It fol- 
lows that the dispersion of the points must be intrin- 
sic to the SX Phe stars. The same conclusion can be 
drawn when comparing the mean (V) magnitudes and 
observed periods of our SX P he sample to the Period - 
Luminosity (P — L) relations of iMcNamara et all (|2004T ). 
We adopt E B -v= +0.02 mag and to - M=20.72 mag 
(dereddened value, iGreco et al.ll2005l : iRizzi et all 120071 ) 
and [ Fe/H] sa — 1 dex (average metallicity of the Fornax 
stars, ISaviane et all 120001 : iBattaglia etafl 120061 ) . This 
comparison is shown in panel b of Fig, ffl where the solid 
line is the P - L relation of IMcNamara et all (|2004f ) 
which is valid for [Fe/H]> —1.5 dex. If we adopt in- 
stead [Fe/H1 =— 2.0 dex, and use the second P — L rela- 
tion given bv IMcNamara et alJ (|2004f ). which is valid for 
[Fe/H]< —1.5 dex, we obtain a parallel line shifted by 
only 0.06 mag toward fainter magnitudes. 

Notwithstanding the large dispersion along the y-axis 
in panels a and b of Fig. 01 it is quite evident that the For- 
nax SX Phe variables follow aP-L relation, since stars 
with longer periods are also brighter (see also Fig.[3|). In 
the following subsections we will investigate the physi- 
cal reasons that may cause the observed scatter of the B 
magnitudes at a given period. 

4.1. Fundamental-mode and first-overtone pulsators 

When examining panels a and b of Fig. HI it ap- 
pears that several stars are much brighter than ex- 
pected from the P — L relations and even more are much 
fainter. To provide a quantitative analysis of the differ- 
ent groups of SX Phe stars that may be present in our 
Fornax sample, we calculated the B* values defined as 
B*=B + 2.90 log Pp, where Pp is the period of the fun- 
damental radial mode. Here, the slope is that given by 
IMcNamara et all (|2004h . By using the observed periods, 
we precisely evidenced 17 stars being 0.35 mag (or more) 
brighter than the value predicted by the P — L relations. 
We note that the aliasing effect (±1 days -1 ) will produce 
a shift of only 0.10 mag at logP = —1.115 days, unable 
to account for the bright magnitudes observed for these 
17 objects. 

The presence of such brighter stars in our SX Phe 
sample can be explained by a different mode of pulsa- 
tion. First-overtone pulsation has been attributed to 
stars too bright for the observed periods both in other 
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Fig. 4. — Properties of the Fornax SX Phe variables. Panel a: Mean (B) magnitudes plotted against observed periods. The solid line 
is the least— squares fit calculated from these values excluding star 7-V22094 (filled triangle) which do es not belong to t he Fo rnax dSph; 
Panel b: Mean(V) magnitudes plotted against observed periods. The solid line is the P — L relation by McNamara ct al. (2004) which was 
superposed to the data assuming for Fornax a reddened distance modulus of 20.78 mag; Panel c: B* -magnitudes plotted against color 
indices (see text). Filled circles are stars pulsating in the fundamental radial mode; open squares are stars pulsating in the first overtone; 
open circles indicate the group of subluminous stars; Panel d: Distribution of the P*-magnitudes. 

stars having reliable color indices) are FO-pulsators and 
calculate their F-mode periods as logPF=logP+0.111. 
This identification, though arbitrary, allows us to im- 
prove the quality of the fit, by obtaining a well-mixed 
group composed of "fundamentalized" first-overtone and 
fundamental-mode pulsators. 

4.2. The subluminous variables 

The identification of the brighter stars as first-overtone 
pulsators strongly reduces the scatter above the P — L 
relations. However, the most remarkable feature in the 
log P — B,V planes still remains the presence of a large 
number of subluminous stars well below the P — L rela- 
tions toward the shortest periods, both when the P — L 
relation is calculated from the data as in panel a of Fig. 21 
or when it is assumed (Fig. [4j panel b) . To explain the 
stars below the P — L lines by a different pulsation mode 
we should admit that this mode has a period longer than 



galaxi es ( Carina. iMateo et all 1 19981 and iPorettil Il999al : 
LMC iMcNamara et al.ll2007TT and in globular c lusters (w 
Cen. IQlech et al.M2005t M55. IPvch et al.ll2001l) . Indeed, 
the fundamental period of a SX Phe star pulsating in the 
first-overtone (FO) mode will be 1.290 times longer than 
the observed one, according to the period ratio typical 
of the SX Phe pulsators (P fo /Pf = 0.775. iPoretti et all 
120051) . Therefore, the FO-star has to be shifted right- 
ward by +0.111 in the the log P — B,V planes, in which 
the fundamental periods have to be plotted on the abscis- 
sae. Assuming a slope value of the P — L relations in the 
range from -2.90 to -3.70, the period shift caused by the 
different pulsation mode corresponds to a brightening of 
0.32-0.40 mag. 

Similarly to what usually done in other stellar systems, 
we assume that the 17 stars identified by means of the 
procedure described above (see panel c of Fig.|4]for the 15 
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Fig. 5. — Period-amplitude diagram of the Fornax SX Phe stars: 
a decrease in the amplitude is observed for logP > —1.05. Filled 
circles are F pulsators, open squares are FO pulsators, open circles 
are subluminous variables. 

that of the fundamental radial mode. In such a case, 
these stars have to be shifted leftward in the log P — B,V 
planes. However, periods longer than the fundamental 
radial one could be identified only as nonradial modes 
driven by gravity, but these modes are unable to pro- 
duce the observed large amplitudes. 

The stars below the P — L lines can be better pointed 
out after removing the logP dependence. We calculated 
the distribution of the B* magnitudes within classes with 
an amplitude bin of 0.10 mag (Fig.[U panel d). We note 
that most of the subluminous stars have logP ~ —1.20; 
for these values the ±1 days -1 ambiguity can affect the 
distribution in a marginal way. 

The histogram shows an asymmetric distribution: 
there are 26 stars to the left of the central peak and 
36 ones to the right. This fact cannot be ascribed to 
an observational bias, which should work in the opposite 
sense (i.e., in reducing the number of fainter stars, which 
are closer to the detection thr eshold; see Fig. By 
using the lAshman et alj (|1994 ) test, we considered the 
21 variables having B* > 20.27 as belonging to a group 
of subluminous stars (Fig. [U panel c). The introduc- 
tion of this group of subluminous stars accounts for the 
dispersions in the magnitudes of the SX Phe variables 
(Fig. [H panels a and b) and for the asymmetry in their 
distribution (Fig. panel d). 

Figure 21 panel c shows that there are no differences 
in the average B — V color of subluminous and other 
stars (0.26 mag for both groups), but that the sublu- 
minous variables span a narrower range in B — V than 
the other stars (0.15-0.34 against 0.09-0.47 mag). The 
log P — Ab plot shows an abrupt decrease in the am- 
plitudes at log P = -1.05, i.e., P = 0.09 days (Fig. EJ 
regardless of the luminosity of the stars. The change 
in light curve properties around this period value was 
already obser ved in Galactic HADS and SX Phe stars 
(|Porettill2001l and references therein) and in the w Cen 
SX Phe stars (|Porettilll999bh . 

5. P — L RELATIONS FOR THE SX PHE STARS 



Fig. 6. — Color versus period distribution of the SX Phe stars in 
Fornax. Same symbols as in Fig. \E\ 

The large sample of SX Phe stars in Fornax allows us 
to discuss the P — L relations, both in the Fornax dSph 
and in other stellar systems. We evaluated the possible 
relevance of a color term by calculating the P — L — C 
relations using the (B) — (V) values and different sam- 
ples (all stars, F-mode ones alone, FO-mode ones alone, 
subluminous ones alone, and F-mode plus fundamcntal- 
ized FO-mode ones). In all cases, the least-squares fit 
of the P — L — C r elatio n yields a non-significant color 
term. iPvch et "ail (|2001l ) obtained a similar null result 
when trying to improve the quality of the fit by includ- 
ing a color term in the P — L relation of stars in M55. 
Figure [6] shows how there is no trend in the color versus 
period distribution. The limited B — V range (0.38 mag) 
and the small color excess {Eb-v = +0.02 mag) of For- 
nax stars do not introduce significant changes also when 
determining the P—L relati on using the extinction insen - 
sitive Wesenheit index Wv (jMadore fc Freedmanlll99"lh . 
Probably the color effect is too small to be evidenced in 
the short period range covered by the Fornax SX Phe 
stars. In this respect, we note that most of the color de- 
pendence in M55 is due to variable V21. T his star has 
the lon gest period and the reddest color in the lPvch et al.1 
(|2001f ) sample. However, its light curve shape and am- 
plitude (only 0.04 mag) suggest that V21 could be a ro- 
tational variable. 

5.1. The P — L relation in Fornax 

According to our identification of fundamental (46) 
and first overtone (17) pulsators, we have determined 
the P — L relations. First we calculated the funda- 
mental periods of the first-overtone pulsators assuming 
Pfo/Pf = 0.775. Using fundamental and "fundamen- 
talizcd" periods (63 in i3— light and 59 in U-light) we 
then obtained: 



and 



B = 19.66(±0.19) -3.23(±0.17) x logPp (3) 



V 



19.28(±0.21) - 3.33(±0.20) x logPp (4) 

The least-squares fits are shown by solid lines in Fig. [JJ 
Standard deviations are 0.13 mag in B and 0.15 mag in 
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Fig. 7. — Left panel: P — L relation of the Fornax SX Phe stars in the B-band. The solid line is the P — L relation computed from the 
Fornax fundamental-mode (filled circles) and first-overtone (open squares) SX Phe variables. The latter were "fundamentalized" assuming 
Pfo/Pf = 0.775. Right panel: P — L relation of the Fornax SX Phe stars in the V-band. The solid line is the P — L relati on computed from 
the Fo rnax SX Phe variables. Symbols are as in the left panel. The (red) dashed lines are the P — L relations given by McNama ra~et al.l 
II2004T ) where for Fornax we have assumed Eg_y = +0.02 mag, m — My =20. 78 mag (reddened value), and [Fe/H]=— 1.4 dex (short dashes) 
or [Fe/H]=— 2.0 dex (long dashes). See the electronic edition of the journal for a color version of this figure. 
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Fig. 8. — P — L distribution of short-period variable stars in 
different stellar systems: Milky Way (black filled circles), Large 
Magellanic Cloud (magenta filled squares), Fornax dSph (red open 
circles), oj Cen (blue open triangles), M55 (green crosses), Carina 
dSph (bl ack open squares) . The solid line shows the P — L relation 
given by IPetersen &: H oe (1998), i.e., w ith a slope of —3.73, th e 
dashed lines are the P — Ls obtained by [McNamara ct al.l II2004T ) , 
i.e., with a slope of —2.90. See the electronic edition of the journal 
for a color version of this figure. 



V, respectively. The slope values are different from those 
assumed to calculate the J3*-magnitudcs, but the subdi- 
vision into fundamental, first-overtone and subluminous 
pulsators does not change significantly: the main conse- 
quence of changing the slope value is a systematic shift 
of all the £?*-magnitudes toward brighter values. 

For co mparison purposes , the P — L— [Fc/H] relations 
given bv IMcNamara et al.l (|2004f ) are also shown in the 
log P—V plane of Fig. [71 The three lines are nearly coin- 
cident in the log P range covered by the Fornax sample. 



It is q uite straightforward to use the IMcNamara et all 
(|2004f ) relation to calculate the distance to the Fornax 
galaxy. Assuming [Fe/H]=— 1.4 dex, the 59 SX Phe stars 
with V light curves yield a reddened distance modulus 
20.76 mag (s.d./v / iV=±0.02 mag), which in turn leads 
to (m — M)o=20.70 mag, a value in excellent agreement 
with previous estimates (e.g., iBuonanno et al.l [19991; 
Saviane et aHl2000l ; iGreco et all 120051. 120071 ; iRizzi et all 
20071) . 



5.2. Comparison with other P — L relations 

There is observational evidence that short-period pul- 
sators in a given individual stellar system cover a limited 
range in period and that these period ranges are very dif- 
ferent from one system to another. The narrow period 
baseline hampers a reliable determination of the slope of 
the P — L relation in a single stellar system, where stars 
are expected to have similar physical characteristics. We 
have therefore grouped all the SX Phe stars discovered 
so far in different stellar systems (Table 0]) to span a 
period range as large as possible in the log P — My 
plane. To combine data from different systems, (i) we 
have used My values where available, or calculated My 
values for the short-period variables using dereddened 
distance moduli for the host system that are not based 
on the variables themselves (last column in Tabled]); (ii) 
we have "fundamentalized" the first-overtone pulsators 
following the identifications provided by the authors 10 ; 
(iii) we have omitted the nonradial pulsators; and (iv) 
all the uncertain cases were not considered, in t he case 
of both single stars (e.g., V16 in lPorettilll999af) and of 
stellar systems (e.g., NGC 3 201, which is affected b y in- 
ternal differential reddening: iPiersimoni c t al. 2002]). Fi- 
nally, we have verified that the adopted distance moduli 



10 An unintentional error occurred in Fig. 10 of IPvch et al.l 
11200 II ). The shorter period of V35 is used instead of the longer 
one: if the correct period is used, the clearness of the first-ovcrtonc 
sequence becomes less evident. 
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TABLE 4 

SX Phe and HADS stars in different stellar systems. 



Stellar system Period range 


SX Phe and HADS stars. 


Dereddened distance modulus 


(days) 


Number, list and reference 


and reference 



Fornax 

Carina 
LMC 

w Cen 



M55 

Milky Way 



0.050-0.130 59 (44 F and 15 FO), Tab|2]in this paper 



0.045-0.075 
~0.17 

0.030-0.060 



0.030-0.100 



0.039-0.225 



19 (Vl-V15,V17-20), in Poretti (1999a) 

First 12 entries in McNamara et al. (20071 
Tab. 2 

17 in Olech et al. (2005) (V194,V195, 
V199,V200,V204,V220,V225,V231,V237, 
V238,V250,V252,V253,NV298,NV306, 
NV324,NV326) 

23 (V16-V20,V22-V27,V31-V42) 
in Pvch et al. (2001) 

First 23 entries in McNamara (2000 ). 
Tab. 1 



20.72. Rizzi et al. (2007). 
Greco et al. (2005) 

20.10. Dall'Ora et al. (2003) 

18.49, McNamara et al. (2007) 
from RR Lyr stars 

My values from Olech et al. (2005) 



13.62, Harris (1996 , 2003) 

Alv values from McNamara (2000) 



are on the same distance scale, i.e., (m — Af)o=18.50 mag 
for the Large Magellanic Cloud. 

The combined P — L relation is shown in Fig. [HJ where 
the SX Phe stars of ui Cen, M55, Carina, and Fornax 
clearly describe a linear relationship. When extending 
the sequence toward longer periods by adding 12 funda- 
mental pulsators in the Large Magellanic Cloud (which 
are classified as S Set variables) and 23 pulsators in the 
Milky Way with P < 0.25 days (mostly S Set stars, for 
which P = 0.25 days i s a safe and well established up- 
per limit: |p"orettill200~iT ). the relation continues in a very 
regular and natural way. The outlier located below the 
sequence at log P = —0.87 is variable V21 in M55. Its 
discrepancy with respect to other stars strengthens our 
hypothesis that the star is actually a rotational variable 
(see Sect. [5]). The least-squares linear fit calculated over 
the total sample of stars in Fig. [5] and omitting V21 in 
M55 (153 stars in total) is: 

Alv = -1.83(±0.08) - 3.65(±0.07) x logP F (5) 

with standard deviation of 0.18 mag. The slope of —3.65 
is in good agreement with first determinations obtained 
using sh ort-period stars a nd no metal licity term, e.g., 
-3.7 25 (|McNamaral [2000h and -3.73 ([Petersen fc Hod 
119981) . The three P — L relations are nearly coinci- 
dent and for clarity o nly the line calculated using the 
iPetersen fe Hod (|l998f ) parameters is shown in Fig. [8] as 
a solid line. We also plo t in Fig.[5]the relations derived by 
iMcNamara et all (|2004f ) , which a re pra ctical ly coincident 
with t hose reported by iFernid (jl992t ) and lLanev et al.1 
(120021) . and use a slope close to —2.90. The Fornax and 
the Milky Way stars with logP > -1.0 and the M55 
stars at the shortest periods seem to fit the relation with 
slope of —3.73 better than those with a —2.90 slope. 

We stress that when P — L relations with a given slope 
(no matter whether —2.90 or —3.73) are used to fit peri- 
ods and magnitudes of variable stars in individual clus- 
ters or galaxies, results are generally satisfactory, since 
their periods span too narrow ranges to put a strong con- 
straint on the slope. 

6. SUMMARY AND DISCUSSION 

The detection of a large and homogenous sample of 
short-period variables in the Fornax dSph galaxy allowed 



us both to discuss the properties of SX Phe stars and to 
revisit their P — L relation. 

6.1. Origin of the subluminous variables 

The main issue of our analysis is the detection of a 
large scatter around the P — L relation. We propose to 
explain such a scatter with the occurrence of different 
pulsation modes and the presence of a group of sublu- 
minous st ars. A mix of pulsational modes among SX 
Phe s tars dMateo et alj|1998t lPorettilll999at Evch et all 
120011: lOlech et al.l 120051 : IMcNamara et all 120071) a nd in- 
other pulsating s tars (Red giants: iKiss fe BeddindfeOOSl . 
l200l Cepheids: lUdalski et all 1 19991) is quite common. 
The subluminous stars, shown here for the first time 
to be a significant population, appear to have been de- 
tectable because they exhibit high-amplitude radial pul- 
sations and are possibly related to the complex stellar 
populations of Fornax. We suggest that the scatter in 
luminosity of short-period variable stars in Fornax has a 
physical rather than instrumental explanation, since ob- 
servational or geometrical effects arc producing a much 
smaller dispersion. We will attempt a preliminary dis- 
cussion of possible explanations for the observed scatter, 
including a metallicity effect and different star-formation 
processes. 

The metallicity effect has already been suggested by 
IMcNamara et all (|2004f ) to reproduce the P — L rela- 
tions in different environments. In Fornax the sublumi- 
nous stars, which are about 25% of the total SX Phe 
population, should be very metal-deficient stars. In this 
context, the very low metal content could explain the 
lack of long periods, since acoustic waves propagate faster 
into lighte r media. If we adopt th e [Fe/H] dependence 
of -0.190 (|McNamara et alj|2004l . a 1.8 dex difference 
would be needed to produce the observed 0.35 mag lu- 
minosity difference between subluminous v a riable s and 
the bulk of SX Phe stars. ISaviane et all (|2000D and 
iBattaglia et al.l (|2006| ) report on two distinct popula- 
tions, a metal-rich ([Fe/H]> —1.3 ) component and a 
metal- poor ([Fe/H]< —1.3) one. IColeman fc de Jongl 
(|2008| ) suggest three peaks in the metallicity distribution 
([Fe/H]~-1.0, -1.5, and <-2.0). Therefore, the SX Phe 
variables should cover the whole range of metallicities 
spanned by the Fornax stars and the subluminous stars 
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should belong to the extremely metal-poor population. 
However, we note that the results obtained in Sect. 15.21 
suggest that the metallicity dependence is not as strong 
as previously inferred. 

A related hypothesis is that the SX Phe stars' pop- 
ulation in Fornax arises from different star formation 
processes. SX Phe stars are located in a CMD region 
where intermediate-age stars (the dominant population 
in Fornax) and old blue-stragglers may co-exist (e.g., 
iMomanv et al.ll2007f) . The isochrones shown in Fig. [T] 
suggest (adopting a metallicity Z = 0.001) an age of 
~3 to 6 Gyr (corresponding to a range in mass from 
1.0 to 1.2 M Q at the turnoff point) for the SX Phe 
stars arising from a population of single intermediate- 
age stars. A sizable ancient population (>10 Gyr) is 
also present dSaviane et ail 120001 ; iBattaglia et al.M2006l ; 
IColeman fe de Jondl2008l ) ~as demonstrated by the large 
number of RR Lyr stars (jGreco et al.ll2005l ) and by the 
fit of the position of RR Lyr stars in the CMD with the 
mean ridge line of the Galactic globular cluster M3, cer- 
tainly older than 10 Gyr (Fig. [I}. Pulsating stars result- 
ing from the normal evolution of a single star in a finite 
range of ages and from the merging of a close binary sys- 
tem could co-exist below the horizontal branch. We can 
speculate that the subluminous variables are the latter 
ones: after the coalescence stage, the stellar structure 
can be different from that produced by the normal evo- 
lution of a single intermediate-age star. Since differences 
in the B — V indices (i.e., temperature effects) are not 
observed, we must infer that the blue stragglers would 
have a smaller radius. To explain a 0.35 mag difference, 
the radius of a subluminous star should be 86% that of a 
normal star having same temperature. In turn, a smaller 
radius explains the lack of long periods. In a similar way, 
the blue stragglers could slightly deviate from the clas- 
sical mass-luminosity relation, also taking into account 
that stars of different age are populating the instability 
strip below the horizontal branch (Fig. [T]). These expla- 
nations, still tentative, seem attractive, since they would 
provide observational constraints on discriminating blue 
straggler stars in dwarf spheroidal galaxies and on theo- 
retical models of blue stragglers' formation. 

Both hypotheses need future investigations. The pres- 
ence of a group of subluminous variables may offer the 
possibility to use SX Phe stars as star formation tracers, 
since either in the case of very metal poor stars or in the 
case of the final stage of the evolution of close binary sys- 
tems they should belong to a very old population. Spec- 
troscopic observations of the SX Phe stars will be very 
useful to verify if the spread in the observed magnitudes 
is due to a metallicity effect as well as to study the kine- 
matics of the different groups. The subluminous and the 
normal stars show the same spatial distribution, but we 
also reconsider the possibility that the subluminous stars 
are related to a depth effect along the line of sight, i.e., to 
streams associated with the Fornax dSph galaxy. In such 
a case, the 0.35 mag difference imp lies as much as 17% 
in di stance, which seems unlikely (jColeman fc de Jong! 
2008]). Moreover, we did not detect any subluminous RR 
Lyr variable able to support a depth effect. 

Have subluminous short-period stars been observed in 
other environments ? When mode l ing th e SX Phe pul- 
sating stars in u Cen, lOlech et all (|2005[) found at least 
four cases of SX Phe stars (with amplitude from 0.03 to 



0.16 mag) whose periods can be explained by masses sig- 
nificantly lower than expected. The SX Phe variables in 
Carina seem to be systematically below the P — L rela- 
tions in Fig. [H This shift is small, but it could become 
more relevant if Carina has a distance modulus smaller 
than the adopted one (i.e., 20.10 mag); we note that the 
literature values range from 19.87 mag (|Mighel]||1997h to 
20.19 mag (lDolphinN2002h . 

6.2. The slope of the P — L relation 

We obtained a slope value of —3.65 by combining stars 
in six different stellar systems. This slope differs signif- 
icantly from the —2.90 value currently used, but agrees 
very well wit h previous estimates (—3.725, iMcNamaral 
I2000t -3.73. iPetersen fc Hodll998f) . The disagreement 
between the two slope values can be ascribed to different 
reasons. The steeper value has been (re-)obtained here 
as a straightforward result (Fig. [7]) , without considering 
a metallicity term. The importance of the metallicity ef- 
fect is still a d ebated matter even in the case of Cephcids 
(|Stormll2006f) . Moreover, since the metal content of in- 
dividual stars in galaxies such as Carina, Fornax, and 
the Magellanic Clouds is still rather difficult to measure, 
is common procedure to use average metallicity values, 
which may not be very reliable. Thus neglecting the 
metallicity term could still be reasonable as long as ac- 
curate metal abundance of individual stars are not avail- 
able. The shallower value of —2.90 is also supported by 
the assumpti on that short -period stars should be linked 
to Cepheids (|Fernidll992| ). The application of this con- 
straint to the Milky Way stars (jMcNamara et al.lf2007h 
is based on the identification of the fundamental period 
in low-amplitude, multiperiodic pulsators (which are the 
only 5 Set stars having reliable hipparcos parallaxes). 
However, this identification is not obvious and can be 
made only b y combining photo metric and spectroscopic 
observations ijMant cgazza 20QO). A general improvement 
in the P — L relation of SX Phe and S Set stars (as the 
reduction of the scatter and the introduction of a second 
term) will be possible when accurate multicolor photom- 
etry and metallicity values for individual stars in different 
stellar systems are available. 

7. CONCLUSIONS 

The intensive observation of a large part of the For- 
nax dSph galaxy down to 3.0 mag below the horizontal 
branch yielded us a suitable tool to investigate the prop- 
erties of the Fornax stellar populations. The peculiar 
characteristics of the sample of SX Phe variables, as the 
group of subluminous variables, provide useful clues on 
the stellar formation processes. The numerous sample 
of Fornax variables significantly increased the number of 
SX Phe variables known in different stellar systems, al- 
lowing us the possibility to obtain a comprehensive P — L 
relation. 

We plan to determine the physical parameters of a sub- 
set of stars fitting their well defined light curves by means 
of theoretical pulsational models. Moreover, the Fornax 
project will be completed by future works on the other 
variables (namely, RR Lyr stars, anomalous and Pop. II 
Cepheids, eclipsing binaries). 
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8. ON LINE MATERIAL 

Tables 2 and 3 can be requested from the first author as an ASCII and a tar file, respectively. 

TABLE 2 Identification and properties of the Fornax dSph SX Phe 

STARS 



Name a a (2000.0) <5 (2000.0) Period Epoch (T max ) (B) A B (B) - (V) Type b 

(days) (HJD-2452222) 



8-V9899 


2 


11 


14.2 


-34 


23 


02.7 


0.04619 


0.266 


23.98 





.53 


_ 


F 


7-V8618 


2 


40 


20.2 


-34 


23 


58.6 


0.04917 


0.170 


24.14 





.99 


0.34 


SL 


2.V3796 


2 


40 


12.1 


-34 


09 


07.3 


0.05137 


0.253 


23.96 





77 


0.23 


F 


5_V6170 


2 


38 


51.9 


-34 


21 


46.7 


0.05326 


0.289 


23.27 





.23 


0.32 


FO 


rr ~\ 7i r a t a 

5_V15474 


2 


39 


02.6 


-34 


20 


26.4 


0.05338 


0.238 


23.66 





51 


0.36 


F 


Pf T 71 1 A 1 

5-V16343 


2 


38 


42.1 


-34 


20 


00.3 


0.05339 


0.256 


23.92 





88 


0.41 


F 


7.V5215 


2 


40 


12.2 


-34 


25 


23.7 


0.05413 


0.262 


23.43 





19 


0.27 


FO 


o "\ 71 r k r\r\ r y 

2_V16907 


2 


10 


18.5 


-34 


01 


19.6 


0.05490 


0.309 


23.88 





11 


0.34 


F 


r* "\ 7 1 p" n 

6-V15390 


2 


39 


51.8 


-34 


23 


29.6 


0.05493 


0.229 


24.13 





.69 


0.16 


SL 


2.V4387 


2 


40 


19.8 


-34 


08 


49.4 


0.05540 


0.276 


23.84 





58 


0.29 


F 


7_V4659 


2 


10 


22.2 


-34 


25 


37.7 


0.05545 


0.314 


23.12 





16 


0.17 


FO 


7_Vd05d 


2 


40 


28.8 


-34 


25 


02.3 


0.05569 


0.230 


23.10 





.24 


0.28 


FO 




2 


40 


04.0 


-34 


24 


30.9 


0.05596 


0.245 


23.97 





.98 


0.17 


SL 


7_V 19493 


2 


39 


59.2 


-34 


19 


24.8 


0.05613 


0.234 


23.51 





10 


0.15 


F 


D-V8812 


2 


39 


31.0 


-34 


25 


14.8 


0.05616 


0.322 


23.65 





76 


0.11 


F 


3-V5563 


2 


39 


19.6 


-34 


07 


57.8 


0.05704 


0.219 


24.05 





57 


0.19 


SL 


7.V13345 


2 


40 


32.7 


-34 


21 


59.7 


0.05713 


0.228 


23.24 





.37 


0.26 


FO 


7-V19309 


2 


10 


14.9 


-34 


19 


29.3 


0.05716 


0.323 


23.19 





50 


0.27 


FO 


D_V44543 


2 


39 


26.1 


-34 


11 


37.1 


0.05717 


0.330 


23.67 





.66 


0.36 


F 


z_V lloz4 


2 


40 


04.1 


—34 


04 


59.9 


0.05717 


0.290 


23.84 





.67 


0.18 


F 


^ T 700 l o 

7-V33186 


2 


40 


16.5 


-34 


13 


29.4 


0.05726 


0.321 


23.52 





27 


0.15 


F 


2.V1606 


2 


40 


20.9 


-34 


10 


15.5 


0.05957 


0.292 


23.49 





58 


0.19 


F 


8-V1625 


2 


40 


44.1 


-34 


26 


45.7 


0.05971 


0.278 


22.92 





.35 


_ 


FO 


1-V6694 


2 


41 


06.3 


-34 


07 


22.7 


0.06041 


0.325 


23.33 





.59 


0.33 


FO 


b_V40765 


2 


39 


47.5 


-34 


15 


53.3 


0.06073 


0.323 


23.71 





78 


0.25 


F 


r* ~\7 Af\c\c\-\ 

b_V49021 


2 


39 


43.0 


-34 


12 


52.0 


r\ r\r* 1 n a 

0.06134 


0.290 


23.36 





.54 


0.20 


F 


o \ 70 oi ni 

8-V28121 


2 


41 


06.8 


-34 


11 


48.1 


0.06147 


0.316 


23.61 





.53 




F 


3-V6718 


2 


39 


27.8 


-34 


07 


16.3 


0.06230 


0.316 


23.81 





10 


_ 


SL 


b_V 18889 


2 


39 


42.3 


-34 


22 


33.2 


0.06265 


0.266 


23.23 





16 


0.27 


FO 


5_V26561 


2 


38 


41.8 


-34 


11 


36.8 


0.06303 


0.329 


23.54 





81 


0.41 


F 


3-V10893 


2 


39 


40.3 


-34 


04 


37.1 


0.06340 


0.336 


23.53 





13 


0.37 


F 


2.V7944 


2 


10 


15.4 


-34 


06 


54.1 


0.06371 


0.302 


23.90 





.61 


0.26 


SL 


D-V35797 


2 


39 


26.7 


-34 


17 


33.4 


0.06420 


0.338 


23.57 





.85 


0.13 


F 


6-V37637 


2 


39 


53.2 


-34 


16 


56.0 


0.06481 


0.276 


23.33 





.56 


0.26 


F 


(2 T 70A1 n 

o_V39151 


2 


39 


31.6 


-34 


16 


26.3 


0.06529 


0.371 


23.85 





.69 


_ 


SL 


2_V4169 


2 


40 


31.3 


-34 


08 


55.3 


0.06581 


0.308 


23.57 





.80 


0.22 


F 


5.V510 


2 


39 


07.2 


-34 


27 


19.8 


0.06596 


0.330 


23.90 





76 


0.15 


SL 


7-V2872 


2 


10 


19.9 


-34 


26 


22.6 


0.06661 


0.285 


23.92 





.97 


0.34 


SL 


7-V34972 


2 


40 


25.8 


-34 


12 


40.7 


0.06662 


0.311 


23.22 





.52 


0.12 


F 


o T7irnA 

8_V4532 


2 


40 


41.7 


-34 


25 


29.2 


0.06668 


0.344 


23.14 





25 


0.39 


FO 


7-V22094 


2 


10 


26.2 


-34 


18 


17.5 


0.06717 


0.369 


22.19 





.22 


0.42 




6.V22746 


2 


39 


50.7 


-34 


21 


26.7 


0.06722 


0.336 


23.58 





71 


0.24 


F 


7_V 15830 


2 


40 


05.8 


-34 


20 


58.3 


0.06729 


0.278 


23.72 





.82 


0.22 


SL 


2_V8650 


2 


40 


11.9 


-34 


06 


30.3 


0.06734 


0.321 


23.66 





.79 


0.11 


F 


7 T 7 1 O O P" O 

7_V18358 


2 


40 


07.0 


-34 


19 


52.6 


0.06739 


0.312 


23.33 





10 


0.32 


F 


8-V9427 


2 


40 


51.0 


-34 


23 


16.5 


0.06741 


0.238 


23.43 





38 


0.34 


F 


2.V18380 


2 


40 


11.8 


-34 


00 


13.5 


0.06817 


0.435 


23.75 





.67 


0.25 


SL 


6.V44201 


2 


39 


23.1 


-34 


1 1 


44.9 


0.06849 


0.252 


23.70 





19 


0.23 


SL 


7-V6259 


2 


40 


09.5 


-34 


24 


57.5 


0.06921 


0.410 


23.33 





38 


0.13 


F 


7_V16899 


2 


40 


35.6 


-34 


20 


30.4 


0.06945 


0.394 


23.96 





.91 


0.31 


SL 


3-V17080 


2 


39 


35.3 


-33 


59 


20.1 


0.07096 


0.334 


23.64 





.56 


0.30 


SL 


6.V5831 


2 


39 


46.1 


-34 


26 


02.4 


0.07168 


0.309 


23.48 





.31 


0.47 


F 


2_V9849 


2 


40 


23.6 


-34 


05 


50.3 


0.07240 


0.386 


23.35 





.70 


0.31 


F 


6.V3640 


2 


39 


28.4 


-34 


26 


36.7 


0.07256 


0.294 


23.25 





.29 


0.22 


F 


6.V38875 


2 


39 


29.1 


-34 


16 


31.6 


0.07316 


0.409 


23.41 





.84 


0.23 


F 


6.V37380 


2 


39 


20.6 


-34 


17 


01.1 


0.07362 


0.316 


23.17 





.39 


0.30 


F 


8.V10941 


2 


40 


42.0 


-34 


22 


36.7 


0.07373 


0.352 


23.74 





.59 


0.32 


SL 


8.V18853 


2 


11 


11.4 


-34 


19 


02.4 


0.07531 


0.346 


23.09 





.25 


0.29 


F 


6.V38403 


2 


39 


46.8 


-34 


16 


40.7 


0.07532 


0.392 


23.35 





.74 


0.25 


F 


2.V881 


2 


40 


14.6 


-34 


10 


37.5 


0.07597 


0.346 


23.72 





.40 


0.34 


SL 


7.V35654 


2 


10 


02.8 


-34 


12 


22.7 


0.07598 


0.435 


23.41 





.36 


0.16 


F 


7.V9132 


2 


10 


01.4 


-34 


23 


46.0 


0.07623 


0.365 


23.89 





.65 


0.27 


SL 


8.V22313 


2 


41 


10.9 


-34 


17 


28.1 


0.07669 


0.385 


23.69 





.37 


0.31 


SL 


8.V9363 


2 


41 


16.5 


-34 


23 


17.0 


0.07694 


0.448 


23.35 





.34 


0.35 


F 


8.V7020 


2 


40 


44.3 


-34 


24 


21.8 


0.07776 


0.346 


23.31 





.58 


0.32 


F 


4.V813 


2 


39 


08.3 


-34 


10 


29.3 


0.07887 


0.341 


23.38 





72 


0.24 


F 


6.V816 


2 


39 


54.0 


-34 


27 


21.4 


0.07942 


0.441 


22.60 





26 


0.32 


FO 


5.V2834 


2 


38 


59.2 


-34 


26 


18.8 


0.07952 


0.353 


22.98 





.70 


0.31 


FO 


6.V33971 


2 


39 


34.2 


-34 


18 


08.2 


0.07977 


0.462 


23.37 





.85 


0.10 


F 


5.V2985 


2 


38 


58.8 


-34 


26 


14.7 


0.08045 


0.323 


22.91 





.29 


0.27 


FO 
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Name 


a (2000.0) 


o (2000.0) 


Period 
(days) 


Epoch (l max ) 
(HJU-2452222) 


[ B l 


As 


(B) - (V) 


Type 


7 V25610 


2 40 27.7 


-34 1 6 47 3 


08064 


0.327 


22.76 


0.34 


0.09 


FO 


2.V5582 


2 40 00.0 


-34 08 10.6 


0.08129 


0.377 


23.63 


0.73 


0.19 


SL 


6.V19268 


2 39 52.7 


-34 22 26.6 


0.08365 


0.305 


22.72 


0.33 


0.40 


FO 


7-V1671 


2 40 08.4 


-34 26 52.5 


08427 


0.340 


23.12 


0.80 


0.13 




6.V14592 


2 39 25.6 


-34 23 42.2 


0.08458 


0.395 


22.81 


0.41 




FO 


8.V20859 


2 41 15.2 


-34 18 08.1 


0.08515 


0.361 


23.42 


0.62 


- 


SL 


6.V10166 


2 39 41.2 


-34 24 53.7 


0.08639 


0.513 


23.03 


0.61 


0.30 


F 


8.V10823 


2 40 44.5 


-34 22 39.9 


0.09221 


0.492 


22.97 


0.20 


0.36 


F 


8.V30859 


2 41 16.4 


-34 13 30.6 


0.09245 


0.472 


23.10 


0.29 


0.37 


F 


7.V19699 


2 40 21.0 


-34 19 19.2 


0.09254 


0.507 


22.72 


0.29 


0.28 


FO 


7.V21373 


2 40 05.0 


-34 18 36.0 


0.09345 


0.495 


23.02 


0.43 


0.25 


F 


7.V32007 


2 40 08.5 


-34 14 01.1 


0.10151 


0.494 


22.99 


0.43 


0.26 


F 


2.V7941 


2 40 30.8 


-34 06 53.9 


0.11348 


0.541 


23.13 


0.41 


0.31 


SL 


8.V33331 


2 40 47.8 


-34 12 20.4 


0.12508 


0.631 


22.46 


0.51 


0.27 


F 


6.V19089 


2 39 42.2 


-34 22 29.8 


0.12619 


0.648 


22.60 


0.61 


0.32 


F 



Units of right ascension are hours, minutes, and seconds, and units of declination are degrees, arcminutes, and arcscconds. 
a Variable stars are ordered by increasing period, the first digit of the ID gives the number of the CCD in the WFI mosaic, the second 
part is the DAOPHOT identifier. 

b F: fundamental radial-mode pulsator; FO: first overtone radial-mode pulsator; SL: subluminous variable. 
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3. — Atlas of the B and V light curves of the SX Phe discovered in the Fornax survey 



v. • 

- • • 



» •• • • . 




23.00 - 
£3.50 - 



• . • • . - 



0.0 O.f 



S3. 00 

23.50 



5.V15474 



1 S3 00 
I 23.50 



f . 5_V 16343 f . 



• • ••• • • 



24.00 
24.50 



3_V18907 



J . . .- 1 . . «■ 

.*•* ".* "."'*» •*•* 



6_V 15390 



24.50 - 
] 35.00 ~_ 



23-50 
24.00 



y_V4387 



23.00 - 
23.50 F- 



• i • t # 

• "* •**is - 23 00 t jj,* "4»f"l a * J".* "4*J*i 



23.00 -° 
23.50 - 



23.00 - 
23.50 1 




7_V19493 



■«- 23.50 



24.00 
24.50 



... • : 



••>... 



>4 





i i i i i i i i i i 




6.V0813 


•a 








r i 


i , , ~ 


0.0 


0.5 1.0 



SX Phe stars in the Fornax galaxy 



3-V5563 



24.00 
24.50 



»« 



7_V13345 



H 22.50 



7_V19309 





23.50 

34.00 : 



•«>-.*. 



• ■ ^ -•• - 



7_V331B6 



0.0 0.5 



0.5 1.0 




*•* V * f ' M. ^ < 



100 - F_ 

s.50 - ^ • 



23 00 
23.50 



6-V40765 



23 50 
24.00 



' J'"' 



0_V20121 



4 .• * : 




23.50 
24.00 



6_V 1 BB89 



22.50 - 
23.00 - 



16 



Porctti et al. 



3_V 10893 



2_V7944 



'•It.' 



6_V35797 




23.50 — 



24.50 - 



23.50 7c 
24.00 - 



24.00 r 
j 24.50 =_ 



23.00 
23.50 



23.50 
24.00 1 



V 

22.50 
_J 23.00 7 
, _| 23.50 

24.00 - 



23.00 
23.50 



23.00 



7_V34972 



* .. : 23.00 7 A* 



24.50 



22.50 
23.00 - 



23.50 
24.00 



7_vaao94 



6_V32746 



23.00 



21.00 
21.50 j 



_I 22.50 - 



23.50 - o 



-J 24.00 




23.50 



2-1.00 




23.00 - 
23.50 



22.50 - 



7_V 18358 



SX Phe stars in the Fornax galaxy 



17 



23.00 
23.50 



8-V9427 



• • • * *■* • 



3_V 18380 



5 v - .: 

l r * , 



• 4 • 



S3. 50 
24-. 00 



22.50 
23.00 



24.00 
24.50 



6_V44201 



.5 




3_V 17080 



0.5 1.0 



23.50 
24.00 



B 

23.00 
23.50 
34.00 



- 22.50 - 



- 23.50 — 




as. 50 - 



S3. 50 - 



6-V38875 



• ■ • • 



6JV37380 



- 23.00 



8_V10941 



' ».-.« 



23.00 
23.50 



8_V 18853 



0.0 0.5 



S3. 00 
S3. 50 



S_V3B403 

•*. .cr r > - •« 



23.50 
24.00 



22.50 
£3.00 



2 • • *^ • • _ • * • • 



0.0 0.5 



23.00 
23.50 : 



0.5 1.0 



0.5 1.0 



18 



Porctti et al. 



7_V35654 




0.5 1.0 




J 24.00 



23-00 
S3. 50 ; 




23.50 

f 

34.00 - 



6_V33971 



23.50 
24.00 - 



22.00 
22.50 



0.0 O.f 



23.00 

23.50 



7_Va5610 



/Am; 



23.00 



32.50 
S3 00 



6_V19268 



I i 



23.50 
24.00 



TV, 



22.00 r 
22.50 

23.00 ~ 7 & 

23.50 r 

V 



22.50 
23.00 



SX Phe stars in the Fornax galaxy 



19 



23.00 
23 50 



6_V10166 



8_V 10823 



— 22.50 r 
"3 23.50 - 



23-00 

22.50 : 



8_V30859 



22.50 
23.00 



H S3. 50 
^ 24.00 




8_V33331 



22.00 
22.50 



0.0 O.f 



6_V19009 



2 1 .50 
22.00 - 



0.0 O.f 



22.00 
22.50 



